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Department of Biology and Biotechnology, Worcester Polytechnic Institute, 3 Introduction Bumble bees have rapidly declined in abundance, species richness, and geographic 48 distribution on a global scale over recent years [1, 2] . In North America alone, nearly half of the 49 bumblebee species have reached historically low numbers [3] [4] [5] , including one species, Bombus 50 affinis, which was recently listed as an endangered species by the U.S. Fish and Wildlife Service.
51
From an ecological perspective, these declines pose a significant threat to the function and 52 diversity of temperate ecosystems due to the critical keystone role that bumblebees play as 53 pollinators of native flowering plants. Reports of parallel reductions in bee-pollinated plant species 54 suggest that pollinator decline-mediated effects on wildlife diversity at higher trophic levels may 55 already be well underway [1, 6, 7] . It is therefore imperative that all anthropogenic stressors 56 contributing to species decline in bumblebees be identified and mitigated as soon as possible.
57
One stressor thought to contribute to wild bumblebee decline in urban and agricultural 58 areas is a newly developed class of pesticides called 'neonicotinoids' [8] . From a pest 59 management perspective, neonicotinoids are a highly effective form of insect control because 60 they specifically target nicotinic acetylcholine receptors in the insect central nervous system, 61 leading to paralysis and death [9] . Unlike most other pesticide classes, neonicotinoids are also 62 systemic, meaning that they are readily taken up by the roots and distributed throughout the entire 63 plant, thereby protecting it from pest damage over the entire growing season [10] .
64
Despite these benefits, neonicotinoids pose a significant threat to beneficial insects such 65 as pollinators because they are also translocated to floral nectar and pollen, presenting a route of 66 oral exposure. Of particular concern to wild pollinator populations is the fact that neonicotinoids 67 can be transported away from the area of application to adjacent natural areas [11, 12] and then 68 contaminate wildflower resources [2, 13, 14] . For example, clothianidin, one of the newest and 69 most potent neonicotinoid formulations, has been detected in numerous wildflower species 70 heavily visited by insect pollinators at concentrations ranging from 4 to 215 ppb [2, 14] . application [15] [16] [17] , and increase in concentration with repeated annual application [18] . Wild 73 bumblebees and other insect pollinators therefore have the potential to be orally exposed to 74 neonicotinoids at many life stages occurring outside of the blooming period and geographic 75 location of the targeted plant species.
76
Yet, the overwhelming majority of neonicotinoid toxicity studies on bumblebees to date 77 have focused only on the colony stage, relying on metrics such as worker survival, larval growth,
78
and reproductive output to estimate the potential impact of exposure on wild populations [19] .
79
While such colony-focused risk assessment protocols may be adequate in the context of crop 80 pollination, determining the impact of widespread neonicotinoid use on threatened bumblebee 81 species in an ecological context requires more comprehensive assessment protocols that 82 consider potential impacts on queens and males, whose survival during mating, overwintering,
83
and nest establishment stages of the life cycle has a direct effect on population stability (Fig 1) . 
Results

127
Chronic oral toxicity effects of clothianidin differ among queen, worker, 128 and male bumblebees 129 Chronic consumption of clothianidin at field-realistic concentrations increased mortality rates in 130 queen, worker, and male test populations ( Fig 2) . However, clothianidin concentrations needed 131 to produce such effects varied in a caste-and sex-dependent manner. Table 1 shows intake 132 rates reducing survival in queens, workers, and males controlling for differences in body size and 133 daily clothianidin dose. Compared to 0ppb controls, queens consuming clothianidin at a 134 concentration of 10ppb (mean intake rate ± SD = 3.61±0.71 ng/g·bee/day) had reduced survival 135 over the 7-day test period (X 2 =15.6, df=1, P<0.0001). While workers orally exposed to clothianidin 136 at a concentration of 10ppb (mean intake rate ± SD = 5.48±1.95 ng/g·bee/day) also had reduced 137 survival (X 2 =54.7, df=1, P<0.0001), with the test population reaching 50% mortality at day 5.
138
Interestingly, worker consumption mean (±SD) intakes rates of 3.85 (±1.6) ng/g·bee/day (7ppb 139 solution) had no effect of survival, indicating that workers are better able to cope with chronic oral 140 clothianidin exposure than queens when controlling for consumption rate and body size. 153
All values are shown as mean ± SD. Similar to workers and queens, males consuming the 10 ppb clothianidin solution (mean 157 intake rate ± SD = 6.05 ±1.35 ng/g·bee/day) had reduced survival compared to the 0ppb control 158 (X 2 =38.8, df=1, P<0.0001); however, the test population reached 50% mortality after just 3 days.
Concentration of clothianidin
159
In addition, males consuming clothianidin at a concentration of 7 ppb (mean intake rate ± SD = 160 4.01 ±1.08 ng/g·bee/day) showed reduced survival compared to 0ppb controls (X 2 =17.7, df=1, workers, and males fully consumed the clothianidin solutions during testing (Table S1) , indicating 163 that differences in mortality were caused by differences in the toxicity effects of clothianidin rather 164 than starvation (anti-feeding behavior). Table S3 . Discussion 210
The present study shows that chronic consumption of field-realistic doses of the widely 211 used neonicotinoid pesticide clothianidin has differential effects on the survival of queen, worker, among insect pollinator species [28] [29] [30] [31] .
231
In addition to increasing mortality, chronic oral exposure to clothianidin over a short time 
246
Somewhat surprisingly, the genomic response of workers and males to sub-lethal 247 clothianidin doses did not provide unequivocal evidence that the haploid genetic status of males 248 renders them less able to cope with oral clothianidin exposure. Of the 100 putative detoxification 249 genes that were affected by clothianidin, 75 had a similar expression level in workers and males.
250
These similarly expressed genes included many 'classic' detoxification genes such as cytochrome
251
P450s, glutathione S-transferases, and carboxylesterases [38] . There was, however, a strong clothianidin-induced detoxification genes that differed between the sexes. Compared to males, 254 workers had higher expression in more than twice genes associated with Phase 1 hydrolysis 255 reactions and remarkably, higher expression in seven times as many genes associated with
256
Phase 2 conjugation reactions. The fact that workers and males had a similar number of highly in both males and workers. To address this problem, the current study has identified a set of reduced sperm production), which are often difficult to assess in the field at the organismal level.
282
Comparative genomic approaches would also provide unique insight into why chronic oral toxicity libitum to facilitate continued production of workers and later production of queens and males.
295
Multiple colonies were used across experimental trials to control for potential inter-colony 296 differences in clothianidin sensitivity.
297
For chronic oral toxicity tests, queen, worker and male bees were collected and placed in 298 a 4˚C refrigerator. Once immobile, individuals were weighed to the nearest milligram, marked 299 with acrylic paint for identification, and then placed in a 16oz plastic housing container with a 300 screen lid for ventilation ( Fig S1) . Each lid had a circular opening with a removable plastic plug stock sugar solution), which was replaced as necessary. Clothianidin Solutions: Analytical-grade clothianidin (Sigma-Aldrich, USA) was 314 dissolved in dimethyl sulfoxide (DMSO), as has been done in other neonicotinoid toxicity studies
315
[40], to a concentration of 5 x 10 6 ng/mL or ppb (parts per billion) and serially diluted down to 5 x 316 10 2 or 5 x 10 1 ppb. Diluted clothianidin solution was added to stock sugar solution to create feeding 317 solutions of 10, 7, and 5 ppb (ng/mL). Concentrations of clothianidin selected were well within the 318 range present under field conditions [41] . Drug mixtures were prepared within 2 days of the start 319 of a trial, stored in conical tubes in the dark at 4˚C and only taken out for immediate use.
320
To confirm that test solutions contained the correct amount of clothianidin, fresh samples 
Test Procedure for feeding experiments 329
Prior to each trial, all bees were fed stock sugar solution at the previously described volumes daily 330 until there were no observed deaths over a 48-hour period. Individuals not consuming all of the 331 sugar solution within a 24 hour period were also removed. This process ensured that bees were 332 in good health prior to testing.
333
After the acclimation period, individuals were assigned to either the 0 ppb (control), 5 ppb, 334 7ppb, or 10ppb treatment group, with colony origin and bee size balanced among groups.
335
Location of housing containers within and between shelves inside the environmental chamber 336 was randomized in order to control for potential positional effects on survival. Table S4 .
409
Statistical Analysis: Normalized gene expression levels were compared between groups 410 using the differential gene expression (GSA) algorithm in Partek Genomics Suite (Partek, Inc.,
411
USA). To initially isolate all putative detoxification genes induced by clothianidin consumption,
412
test and vehicle control gene expression patterns were compared separately for each sex. A
413
gene was considered to be differentially expressed if comparisons yielded both a p-value less 414 than 0.05 and a fold change greater than 1.5. All differentially expressed genes in workers and 415 males were then pooled to create a list of genes with clothianidin-induced expression.
416
To test for sex differences in the expression level of pooled clothianidin-induced genes, 417 expression levels were then compared between workers and males in the test group (bees 418 chronically exposed to clothianidin at concentration of 5ppb). For this comparison, a gene was 419 considered to have sex-specific expression if P<0.05. Genes with this significance threshold were 420 then categorized as being involved in either Phase I (oxidation, hydrolysis and reduction) or Phase 421 II (conjugation with sugars, glutathione, amino acids, etc.) detoxification or assigned to some other 422 biological process. This method of identifying and categorizing putative detoxification genes has 423 been used previously in bumblebees and other insects [25] and [44] . Genes were assigned a 424 particular biological processes based on information from the UniProt online gene database 425 (http://www.uniprot.org/).
20 General: We thank C. Emery and J. Letourneau for assistance with feeding and data collection. in the screen lid. Test sugar solutions were delivered through a hole in the lid with a micropipette.
565
Individuals were supplied with pollen ad libitum.
566 567  Table S1 . Percent of alive queens, workers and males consuming test solutions 568 (clothianidin concentration given in ppb) over the 7-day testing period. 
